Abstract After the surface silylation with 3-methacryloxypropyltrimethoxysilane, silica nanoparticles were further modified by 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). The immobilization of DOPO on silica nanoparticles was confirmed by Fourier transform infrared spectroscopy, UV-visible spectroscopy, magic angle spinning nuclear magnetic resonance, and thermogravimetric analysis. By incorporating the DOPO-immobilized silica nanoparticles (5 wt%) into polypropylene matrix, the thermal oxidative stability exhibited an improvement of 62°C for the half weight loss temperature, while that was only 26°C increment with incorporation of virgin silica nanoparticles (5 wt%). Apparent activation energies of the polymer nanocomposites were estimated via Flynn-Wall-Ozawa method. It was found that the incorporation of DOPO-immobilized silica nanoparticles improved activation energies of the degradation reaction. Based on the results, it was speculated that DOPOimmobilized silica nanoparticles could inhibit the degradation of polypropylene and catalyze the formation of carbonaceous char on the surface. Thus, thermal stability was significantly improved.
Introduction
Silica nanoparticles are considered probably one of the most valuable nanomaterials as they demonstrated excellent performance in many important applications, such as composites, coatings, binders, catalysis, and so on [1] [2] [3] [4] . Despite the wide utilization achieved nowadays, two major issues play continuous difficulties in realizing the full potential of the silica nanoparticles: one is the aggregation of the nanoparticles themselves and the other is the lack of strong interactions with matrix. So, various strategies for the surface modification have been explored during the last decade [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Dispersion of silica nanoparticle is not easily achieved because the silanol groups residing on adjacent nanoparticles could form hydrogen bonds and lead to aggregations. Surface modification of silica nanoparticle is usually carried out by grafting polymer chains for a better dispersion [5] [6] [7] [8] . As the representative example, surface-initiated polymerization has been applied to a number of polymers such as polystyrene [5] , polypropylene [6] , poly(methyl methacrylate) [7] , and poly (ethylene terepthalate) [8] to graft polymer chains on the surface of silica nanoparticles. As the polymer coating formed, the surface of silica nanoparticle is altered from hydrophilic to hydrophobic and therefore, the aggregations of silica nanoparticles are dramatically decreased. Surface modification with silane coupling agents has also been actively investigated to decrease the aggregation of the nanoparticles as well as improve interaction between filler and matrix [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It was found that surface modification with vinylsilanes could decrease the secondary agglomerate structures.
And the increasing amounts of silane used for the silica modification could further improve the dispersion of silica nanoparticles [13] . Methacryloxypropyltrimethoxysilane was used to improve the interaction of the silica nanoparticles and matrix. The mechanical strength of filled resins could be enhanced by advance preparation of silica fillers with silane coupling agents followed by electron beam irradiation [18] .
It was also reported that silane coupling agents could be used to immobilize specific functional groups on the surface of silica nanoparticle to further enhance the interaction between the filler and matrix [11, 12, [14] [15] [16] [17] . Immobilizing suitable compound on the surface of silica nanoparticles could not only decrease the aggregation of the nanoparticles but also provide unique opportunity to engineer the interfacial properties. Enzymes lactate dehydrogenase and glutamate dehydrogenase were successfully anchored on silica nanoparticles. The resultant hybrid materials were proved to be of excellent enzymatic activities and detection capacity [12] . The immobilization of formylsalicylic acid on the surface of silica nanoparticle was reported for selective extraction of iron from a mixture containing several other metal ions [15] . The nickel-immobilized silica nanoparticle was found to be an effective recyclable heterogeneous catalyst in a room temperature crosscoupling reaction [17] .
In recent years, there is a growing interest to incorporate specific-compound-immobilized silica nanoparticles to prepare functional polymer nanocomposites [19] [20] [21] [22] [23] . Brancatelli et al [19, 20] very recently reported that the phosphorus-doped silica could enhance the thermal stability of cotton fabrics. The treated silica nanoparticles could distribute uniformly in the matrix. Moreover, our recent work [21] [22] [23] indicated that when antioxidant compound was immobilized on the surface of silica, the antioxidant behavior to polyolefin was significantly improved. For example, by incorporating antioxidant compound-immobilized silica nanoparticles into polypropylene (PP) matrix, tensile strength of the nanocomposites only reduced from 31.6 to 22.6 MPa even after 6 weeks of thermal aging. While for PP with antioxidant compound, the tensile strength dramatically reduced from 31.9 to 2.5 MPa after only 1 week thermal aging [21] .
Similarly, phosphorus compounds, such as ammonium polyphosphate, bis(diphenyl phosphate), and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) derivatives have been proved to be good candidates to improve the thermal and flame retardancy properties for polymeric materials [24, 25] . Therefore, this study aims to immobilize phosphorus compound onto silica nanoparticles and incorporate such modified silica within PP. DOPO was chosen because of the versatility of DOPO in organic synthesis [25, 26] . It was hypothesized that such modification could not only improve the dispersion of silica nanoparticles but also could increase the thermal stability of PP. DOPO was chemically immobilized onto the surface of silica nanoparticle through 3-methacryloxypropyltrimethoxysilane. The functionalized silica nanoparticle was characterized by thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), UV-visible (UV-vis) spectroscopy, and cross-polarization magic angle spinning nuclear magnetic resonance (CP MAS-NMR). Polypropylene/silica (PP/SiO 2 ) nanocomposites were prepared through melt compounding. TGA was used to characterize the thermal oxidative degradation behavior and investigate the degradation kinetics. The silylation reaction was performed under reflux using a suspension of 5 g fumed SiO 2 nanoparticle and 2.5 g WD70 in 180 mL toluene with continuous stirring under nitrogen atmosphere for 24 h at 110°C. The product was filtered and then washed with toluene for five times (200 mL for each time). The WD70-functionalized SiO 2 (SiO 2 -WD70) was dried in a vacuum oven overnight at 110°C. DOPO (2.5 g) was introduced into the suspension of SiO 2 -WD70 (5.0 g) in toluene (180 mL). Added dropwise into the suspension is anhydrous triethylamine (0.5 g), and the mixture was under reflux with continuous stirring under nitrogen atmosphere for 24 h at 110°C [27] . The product was filtered and washed several times with toluene (200 mL, five times) for ensuring that any absorbed DOPO was completely removed. The DOPO-immobilized SiO 2 nanoparticles (SiO 2 -WD70-DOPO) were dried in a vacuum oven overnight at 110°C. The amount of surface-grafted compound was determined by TGA.
Experimental part

Preparation of PP/SiO 2 nanocomposites
Prior to melt processing, the neat SiO 2 nanoparticles and functionalized SiO 2 nanoparticles were dried in a vacuum oven overnight at 110°C. The PP/SiO 2 nanocomposites were prepared by melt compounding using Haake Polylab OS RheoDrive 7 (Germany) at 180°C with a screw speed of 50 rpm for the first 2 min then with a screw speed of 100 rpm for another 5 min. The PP/DOPO/SiO 2 nanocomposites were prepared at varied weight ratio according to Table 1 . The obtained nanocomposites were used to characterize the thermal property.
Characterization
FTIR spectrometry was performed on KBr pellets using a Thermo Nicolet 6700 FTIR spectrum analyzer in the wave numbers range of 4,000 to 650 cm −1 . Spectra were signal averaged over 16 scans at a resolution of 4 cm −1 . UV-vis measurement was carried out on a UV-vis spectroscopy (UV-2450, Shimadzu, Japan) at a resolution of 1 nm. The absorption spectra were recorded at room temperature on a diode array spectrophotometer. The amount of surfacegrafted compound was determined by TGA (Perkin-Elmer, Pyris 1) in nitrogen atmosphere from 100 to 700°C at a heating rate of 20°C/min. Perkin-Elmer TGA-7 was used to characterize the thermal oxidative stability of the nanocomposites under air atmosphere with airflow of 80 mL/min. The dynamic experiments were performed from 100 to 500°C at a heating rate of 20°C/min with about 3 mg of sample for each time. Isothermal experiments (200°C) were carried out with an initial heating rate of 100°C /min. A scanning electron microscope (SEM; JSM-6700F field emission SEM) was used to characterize the morphology of the nanocomposites. For SEM observation, the nanocomposite samples were submerged in liquid nitrogen for 30 min, broken to expose the cross-sections and successively sputtered with gold. Transmission electron microscopy (TEM) images were obtained by a digital camera equipped on a Hitachi H-800 instrument operated at an accelerating voltage of 100 kV. The ultra thin (50-100 nm) TEM specimens were obtained using Leica Ultracut UCT ultra microtome and a diamond knife at −100°C. Solid 29 Si CP MAS and 31 P MAS-NMR studies were performed via Bruker Avanve III 400 NMR spectrometer with a magic angle spinning technique. Magic angle spinning was performed at 79.3 MHz with 5 kHz spin rate for 29 Si study and at 161.58 MHz with 10 kHz spin rate for 31 P study.
Results and discussion
Immobilization of DOPO on the surface of SiO 2 nanoparticles
Because modification of DOPO onto SiO 2 nanoparticles by using direct reaction between the silanol groups on SiO 2 nanoparticles and P-H bond in DOPO is relatively difficult [26] [27] [28] [29] [30] [31] , bifunctional coupling agents could be used as linkers to fulfill such modification. Geminal silanols and free silanols on the surface of SiO 2 allow various modifications with suitable chemical species, e.g., silanes [32, 33] particularly those silane coupling agents with functional groups (vinyl, isocyanate, epoxy, etc.) [26, 31] . Therefore, in the present work, WD70 was chosen to introduce C0C groups onto the surface of SiO 2 nanoparticles. Then, DOPO was immobilized on the surface of SiO 2 nanoparticles through the reaction with C0C bonds [31, 34] . The related chemical reactions are shown in Scheme 1.
FTIR and UV-vis analysis of DOPO-immobilized SiO 2 nanoparticle
The immobilization of WD70 on the surface of SiO 2 nanoparticle was characterized by the FTIR spectra. As shown in Fig. 1 suggests that DOPO was immobilized on the surface of SiO 2 nanoparticle through WD70, via the reaction between P-H and C0C (Scheme 1). Because of the band overlapping between DOPO and WD70 in FTIR spectra, strong signal change from FTIR spectra after immobilizing DOPO on the surface of nano-SiO 2 can hardly be detected. UV-vis )ppm, which are usually assigned to geminal silanols, free silanols, and siloxane groups, respectively [32, 33] . As expected, the grafting process reduced the intensities of the signals of geminal and free silanol groups in comparison with those of the siloxane groups (Fig. 3) . It was reported that the geminal silanol is more chemically active than free silanol and siloxane groups [1, 33, 35] . Thus, the peaks assigned to geminal silanes almost disappeared in Fig. 3 . For SiO 2 -WD70-DOPO, two additional peaks were found at −47.03 and −54.25 ppm, which represented bidental and monodental structures, respectively [32] . The newly observed peaks proved that one or two methoxy groups of WD70 reacted with silanols of SiO 2 . It was suggested that WD70 was successfully immobilized on the surface of SiO 2 nanoparticle.
According to the literature, there is an active hydrogen atom bonded to phosphorus atom (-P(O)-H) in DOPO, which could easily react with vinyl groups [27, 29, 31, 34] . As shown in the 31 P MAS-NMR spectrum of SiO 2 -WD70-DOPO (Fig. 4) , the typical resonance peak shifts from 16.23 ppm for DOPO to 35.84 ppm for the immobilized DOPO [27, 34] . It was suggested that DOPO molecules reacted with the vinyl groups in WD70 and thus chemically anchored on surface of SiO 2 nanoparticle. This result is in good agreement with FTIR and UV-vis spectra.
TGA analysis of DOPO-immobilized SiO 2 nanoparticle
In addition to the above qualitative evidence by FTIR, UVvis, and NMR for the immobilization of DOPO on SiO 2 , TGA was used to characterize the quantity of DOPO bonded on the SiO 2 nanoparticles [35] . It was assumed that there was no residue left for WD70 after TGA test. As shown in Fig. 5 , there was no weight loss for all the compounds at the onset temperature (100°C). The weight percent at the end temperature (700°C) were 99.2, 94.0, 90.5, and 0.3 % for SiO 2 , SiO 2 -WD70, SiO 2 -WD70-DOPO, and DOPO, respectively. It was easy to calculate the amount of grafted compound from the difference of weight loss at the onset temperature and the end temperature. Thus, the amount of WD70 grafted on the surface of silica nanoparticles was 5.2 wt% and it was 3.2 wt% for DOPO immobilized on the surface of silica nanoparticles.
Morphology
The phase morphology and interfacial properties could significantly influence the properties of the nanocomposites owing to the formed nanocomposites that exhibited high interfacial areas. Electron microscopes were used to characterize the dispersion of the nanofillers. As shown in Fig. 6a , there were large agglomerations of SiO 2 nanoparticles in the PP/SiO 2 nanocomposite because of the hydrogen bonds of adjacent SiO 2 nanoparticles. After the silylation, SiO 2 -WD70 nanoparticles could disperse in the matrix to a better state (Fig. 6b ) compared with virgin SiO 2 nanoparticles (Fig. 6a) . The significantly increased hydrophobicity of the nanoparticles due to the presence of WD70 was beneficial for a good interface between the nanoparticles and the matrix; even though, a completely uniform distribution of the nanoparticles cannot be achieved during the compounding process [36, 37] . There was no considerable difference of the dispersion for the SiO 2 -WD70-DOPO nanoparticles (Fig. 6c) and SiO 2 -WD70 nanoparticles (Fig. 6b) . It was suggested that the DOPO-immobilized SiO 2 could also disperse uniformly in the matrix.
Thermal property
In order to investigate the influence of different SiO 2 nanoparticles on the thermal oxidative property of the nanocomposites, isothermal TGA was performed to characterize the weight loss at 200°C in air atmosphere (Fig. 7) . The PP/ SiO 2 -WD70-DOPO (5 wt%) nanocomposite volatilized (decomposed) at the slowest rate compared with that of the pure PP and other polymer nanocomposites. For example, the pure PP sample lost 30 % of weight in a time as short as 33 min, while the PP/SiO 2 -WD70-DOPO sample took more than 60 min for the same weight loss as the DOPOimmobilized SiO 2 nanoparticles were incorporated into the PP matrix. Due to the physical barrier effect of the inorganic fillers, the isothermal stability of PP/SiO 2 and PP/SiO 2 -WD70 nanocomposites were a little higher than that of pure PP [38] . Because of the low thermal stability of DOPO, the thermal stability of the PP/DOPO composite deteriorated. The above results indicated that DOPO-immobilized SiO 2 nanoparticles could improve the thermal oxidative stability of PP. Si CP MAS-NMR spectra for SiO 2 and SiO 2 -WD70-DOPO Fig. 4 31 P CP MAS-NMR spectra for DOPO and SiO 2 -WD70-DOPO The improvement of the thermal oxidative stability was further confirmed by dynamic oxidation experiments (Fig. 8 and Table 2 ). It is known that C0C could induce the thermal oxidative degradation of PP [39] . Thus, the thermal oxidative stability of PP/SiO 2 -WD70 (5 wt%) nanocomposite was a little lower than that of PP/SiO 2 (5 wt%) nanocomposite. As shown in Table 2 , DOPO could improve the thermal stability, but it could not significantly improve the thermal stability even with the addition of 5 wt% [40, 41] . It was speculated that DOPO could induce cross-linking reaction and carbonization and form thermally-stable char, and therefore reduced the releasing rate of degradation volatiles. Because of the low thermal stability of DOPO, T 1 % of PP/ DOPO was even a little lower than that of pure PP. The decrease of the initial thermal degradation temperature was also detected for PP/(SiO 2 +DOPO; Table 2 ). For PP/(SiO 2 +DOPO) nanocomposite, which was simply compounded with 0.32 wt% DOPO and 4.68 wt% SiO 2 , the thermal oxidative stability was slightly improved but was even lower than that of the PP/SiO 2 (5 wt%) nanocomposite.
When SiO 2 -WD70-DOPO was incorporated into the matrix, the temperature for maximum weight loss (T max ), i.e., the temperature at peak of the derivative TGA curve increased 90°C as compared to that of pure PP. ΔT 50 % (T 50 % of a sample minus T 50 % of pure PP) was 62°C for PP/SiO 2 -WD70-DOPO (5 wt%) nanocomposite, while that was only 26°C for PP/SiO 2 (5 wt%) nanocomposite. The thermal oxidative stability of PP/SiO 2 -WD70-DOPO (5 wt%) nanocomposite was even higher than that of PP/ SiO 2 nanocomposite containing 10 wt% of the pristine SiO 2 and this behavior maintained throughout the entire degradation test. The improvement was much higher than the sum of the increment of PP/DOPO and PP/SiO 2 or the PP/(SiO 2 + DOPO) nanocomposites. It was suggested there was synergistic effect for the DOPO-immobilized SiO 2 nanoparticles. It is known that SiO 2 can improve stability due to physical effect [42, 43] . This could be explained by the fact that DOPO-immobilized SiO 2 nanoparticles could induce carbonization and form thermally-stable char, and therefore to reduce releasing rate of degradation volatiles [20, 44] .
Kinetics analysis
TGA results have indicated that the DOPO-immobilized SiO 2 nanoparticles could significantly improve the thermal stability of PP. The kinetic analysis can provide additional information to the thermal oxidative degradation of the nanocomposites. The kinetics parameters obtained from a kinetic analysis include activation energy, frequency factor, the rate of decomposition, and in some cases, the order of the decomposition reaction [45, 46] . The objective of kinetics is often to provide a mathematical relationship in time, temperature, and conversion.
In this study, the multiple heating rate kinetics method is used to estimate the apparent activation energy by applying the Flynn-Wall-Ozawa method [45] [46] [47] [48] [49] specifically derived for heterogeneous chemical reaction under linear heating rates (2.5, 5, 7.5, and 10°C/min). The derivation of the Flynn-Wall-Ozawa method from the first principle was presented in 1965 [47] . A simplified method is expressed by the equation:
where f(x) denotes the conversional functional relationship, A the pre-exponential factor, E α the apparent activation energy, α the given extent of conversion, R the gas constant, β the heating rate, and T the absolute temperature. Assuming that the reaction rate is only a function of temperature, the above equation can be further simplified to model free expression as:
Activation energy can be calculated from the slope of the isoconversional plots of log (β) versus 1/T for a fixed degree of conversion.
As shown in Fig. 9 , the apparent activation energies were plotted as a function of α. There was little difference of the initial activation energies (when α is below 20 %) for all the three samples. It is because that at low temperature, PP undergoes the radical peroxidation chain and the additional functional SiO 2 nanoparticles could not influence the process [38, 43, 50] . As the degradation proceeds, E α of PP/ SiO 2 (5 wt%) nanocomposite decreased slowly and then increased tardily. It had the similar trend as that of pure PP, but showed a little lower value. It was reported that the silanol groups on the surface of SiO 2 could catalyze the thermal degradation [38, 42, 43] , thus the apparent activation energies were lower than that of pure PP. The degradation products could be adsorbed on the surface of the SiO 2 nanoparticles [1, 42] , so the apparent weight loss was slow. For the PP/SiO 2 -WD70-DOPO (5 wt%) nanocomposite, E α increased linearly as the degradation proceeded, which was very different from that of PP and PP/SiO 2 nanocomposite (5 wt%). The high activation energies of PP/SiO 2 -WD70-DOPO (5 wt%) nanocomposite might be owing to the synergistic effect of SiO 2 and phosphorus on catalyzing the formation of carbonaceous char [20, 44] . Thus, the releasing rate of degradation volatiles was significantly reduced and the activation energies were improved.
Conclusions
In this paper, DOPO was successfully immobilized onto the surface of SiO 2 nanoparticle. It was revealed that the novel DOPO-immobilized SiO 2 nanoparticles could not only disperse uniformly in the matrix but also significantly improve the thermal oxidative stability of PP. TGA results suggested that there was 3.2 wt% DOPO immobilized onto the surface of SiO 2 nanoparticle. FTIR and UV-vis spectroscopy implied that DOPO was anchored onto SiO 2 nanoparticle. MAS-NMR gave direct evidence that 31 P peak shifted from 16.23 ppm for DOPO to 35.84 ppm for the immobilized DOPO. The electron microscopes studies indicated that the DOPO-immobilized SiO 2 nanoparticles could finely disperse in PP matrix. By incorporating the novel nanoparticles, the PP/SiO 2 -WD70-DOPO (5 wt%) nanocomposite exhibited 90°C improvement at the temperature of maximum weight loss as compared to pure PP. The decomposition activation energy was estimated by Flynn-Wall-Ozawa method. Kinetic analysis suggested that DOPO-immobilized SiO 2 nanoparticles could increase the activation energy linearly, which was different from the activation energy curves of PP and PP/SiO 2 nanocomposite. It was suggested that DOPO-immobilized SiO 2 nanoparticles could inhibit the degradation of PP and catalyze the formation of carbonaceous char on the surface. Thus, the releasing rate of degradation volatiles was significantly reduced and the activation energies were improved. T 1% is the temperature at which 1 wt% weight loss occurs and T max is the temperature at peak of the derivative TGA curve Fig. 9 Activation energy for PP and PP/SiO 2 nanocomposites
